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Recently, exotic pentaquark (5Q) baryons such as the 1540 (uudd s), the ÿÿ 1862 (ddss u), and the c 3099 (uudd c) were observed by several experimental groups [3] . These discoveries of multiquark hadrons are expected to reveal new aspects of hadron physics [4] [5] [6] [7] [8] [9] [10] [11] [12] , especially for the interquark force such as the quark confinement force [7] , the color-magnetic interaction, and the diquark correlation [5] .
In this Letter, motivated by the recent discovery of the pentaquark baryons, we describe the first study of the static pentaquark (5Q) potential V 5Q , i.e., the interquark force in the 5Q system, in lattice QCD. Note that the lattice QCD result of V 5Q presents the proper Hamiltonian for the quark-model calculation of the multiquark system [6] based on QCD. In addition, clarifying the confinement potential in the multiquark system is useful also for understanding the confinement mechanism.
For the pentaquark system, we investigate the QQ-Q-QQ type configuration with the two ''QQ clusters'' belonging to the 3 representation of the SU(3) color as shown in Fig. 1 , since this type of the 5Q configuration is expected to have less energy and seems to be natural as a realistic candidate of the 1540. Indeed, in the perturbative sense, an attractive (repulsive) force acts between two quarks, when their total SU(3) color belongs to 3 (6) . Therefore, the nearest QQ cluster tends to form 3 rather than 6 in the low-lying 5Q system, which leads to the 3-diquark model [5] .
Similar to the derivation of the Q Q (3Q) potential from the (3Q) Wilson loop, the 5Q static potential V 5Q can be calculated with the 5Q Wilson loop W 5Q , which is defined in a gauge-invariant manner as shown in Fig. 2 .
We define the 5Q Wilson loop W 5Q [7] as
whereM;L i ;R i (i 1; 2; 3; 4) are given bỹ
As shown in Fig. 2 Now, we proceed to the actual lattice QCD calculation for the 5Q potential V 5Q [7] . We generate 150 gauge configurations using SU3 c lattice QCD with the standard action with 6:0 and 16 3 32 at the quenched level. The gauge configurations are taken every 500 sweeps after a thermalization of 5000 sweeps using the pseudo-heatbath algorithm. The lattice spacing a is estimated as a ' 0:104 fm from the string tension 0:89 GeV=fm in the Q Q potential V Q Q [7] . As for the 5Q configuration, we consider the QQ-Q-QQ type configuration as shown in Fig. 1 . Note that the multiquark system including four or more quarks can take a three-dimensional shape, while the Q Q and the 3Q systems can take only planar configuration [7, 11] . Then we investigate both the planar and the twisted 5Q configurations as shown in Figs. 3 and 4, respectively.
For these types of 5Q configurations, we calculate the 5Q potential V 5Q from the 5Q Wilson loop hW 5Q i using the smearing method. Owing to the smearing, the ground-state component is largely enhanced, and therefore the 5Q Wilson loop hW 5Q i composed with the smeared link variable exhibits a single-exponential behavior as hW 5Q i ' e ÿV 5Q T even for a small value of T. Then, for each 5Q configuration, we extract V 5Q from the least squares fit with the single-exponential form
in the range of T min T T max listed in Table I . The prefactor C physically means the ground-state overlap, and C ' 1 corresponds to the quasi ground state. Here, we choose the fit range of T such that the stability of the ''effective mass'' VT lnfhW 5Q Ti=hW 5Q T 1ig is observed in the range of T min T T max ÿ 1. For the lattice calculation of hW 5Q i, we use the translational and the rotational symmetries on lattices.
Here, we take Tables I and II . The statistical errors are estimated with the jackknife method. We find a large ground-state overlap as C > 0:85 for almost all 5Q configurations.
Next, we consider the theoretical form of the 5Q potential V 5Q . The lattice QCD studies [2] at the quenched level show that the Q Q potential V Q Q takes the form of
and the 3Q potential V 3Q takes the form of
where L min denotes the minimal total length of color flux tubes linking the three quarks. In fact, both V Q Q and V 3Q are described by a sum of the one-gluon-exchange (OGE) result and the long-distance flux-tube result [2, 13] .
For the static pentaquark (5Q) system, we find that the lattice QCD results are well described by the OGE plus 1; 2) are staplelike. The 5Q gauge-invariant state is generated at t 0 and is annihilated at t T with the five quarks (4Q-Q) being spatially fixed in R 3 for 0 < t < T.
PRL
192001-2 multi-Y ansatz: a sum of the OGE Coulomb term, and the multi-Y-type linear term [7] , with r ij jr i ÿ r j j and the ith quark location r i in Fig. 1 . Here, L min is the minimal length of the flux tube linking the five quarks. For the 5Q system, L min is the length of the multi-Y-shaped flux tube as shown in Fig. 1 (7) with A 5Q ; 5Q fixed to be A 3Q ; 3Q in the 3Q potential V 3Q obtained in Ref. [2] ; i.e., A 5Q A 3Q ' 0:1366, 5Q 3Q ' 0:046a ÿ2 , and C 5Q ' 1:58a ÿ1 . (Note that there is no adjustable parameter for the theoretical form V theor 5Q besides an irrelevant constant C 5Q , since A 5Q and 5Q are fixed to be A 3Q and 3Q , respectively.) Thus, the 5Q potential V 5Q is found to be well described by the OGE Coulomb plus the multi-Y-type linear potential. Fig. 3 . We list also the ground-state overlap C, the fit range of T, and the theoretical form V theor 5Q of the OGE plus multi-Y ansatz (7) with A 5Q ; 5Q fixed to be A 3Q ; 3Q in V 3Q in Ref. [2] . All the data are measured in the lattice unit. We show in Fig. 5 typical examples of the lattice QCD data for the pentaquark potential V 5Q . The symbols denote the lattice data, and the curves denote the theoretical form of the OGE plus multi-Y ansatz with A 5Q ; 5Q fixed to be A 3Q ; 3Q . One finds a good agreement between the lattice QCD data and the theoretical curves.
On the confinement force, as shown in Fig. 5(b) , V 5Q becomes a (single-valued) linear function of L min at large distances, which indicates that the long-distance force is genuinely five-body and the flux tube is multi-Y shaped.
Note that the planar and the twisted 5Q configurations with the same d; h 1 ; h 2 are almost degenerate, although the energy of the planar one is slightly smaller. In terms of the OGE plus multi-Y ansatz, the only energy difference between the two states comes from a small difference of the Coulomb interaction between Q i (i 1; 2) and Q j (j 3; 4), where the Coulomb coefficient is reduced as
. Then, no special configuration is favored in the 5Q system in terms of the energy. This fact also indicates that the 5Q system is unstable against the twisted motion of the two QQ clusters as shown in Fig. 4 . In fact, general 5Q systems tend to take a threedimensional configuration [7, 11] in terms of the entropy.
We have also investigated asymmetric 5Q configurations with various different values of d j and h i in both planar and twisted cases, and have confirmed the OGE plus multi-Y ansatz for various 5Q configurations [14] .
From the comparison with the Q Q and the 3Q potentials, we find the universality of the string tension and the OGE result among Q Q, 3Q, and 5Q systems as
This result supports the flux-tube picture on the confinement mechanism even for the multiquark system [7] . For further confirmation of the multi-Y-shaped flux-tube formation, it is interesting to measure the action density in the presence of the static five quarks on lattice, as was recently done for the 3Q system [13] . For more realistic calculations, full QCD studies are also desired.
To conclude, we have performed the first study of the pentaquark potential in lattice QCD, and have found that the 5Q potential is well reproduced by the OGE Coulomb plus multi-Y-type linear potential.
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